Random lasers are a special class of laser in which light is confined through multiple scattering and interference process in a disordered medium, without a traditional optical cavity. They have been widely studied to investigate fundamental phenomena such as Anderson localization, and for applications such as speckle-free imaging, benefitting from multiple lasing modes. However, achieving controlled localized multi-mode random lasing at long wavelengths, such as in the terahertz (THz) frequency regime, remains a challenge.
INTRODUCTION
In conventional laser cavities, randomness is usually undesirable because it distorts the optical modes and leads to additional cavity loss. However, it has been recognized that a special class of laser, random lasers 1 , can exhibit interesting and potentially useful properties. In random lasers, light is confined through multiple scattering and interference in a randomly-arranged scattering medium. Lasing takes place when the gain experienced by one or more of the complex modes overcomes the loss. The resulting multi-mode lasing emission spectrum has many potential applications. For example, it has been suggested that randomly-arranged nanoparticle clusters can be used for "fingerprinting" applications in document encoding and material labeling 2 . Multimode random lasers can also be employed as light sources for speckle-free imaging applications, owing to the low spatial coherence of an ensemble of uncorrelated wavefronts 3, 4 . Other possible applications can be found in display lighting, tumor detection 5 and sensing 6 .
To date, random lasing has been achieved in a wide range of media, including nanocrystalline ZnO powers 7, 8 , ceramics 9 , organic composites 10 and nanoparticles (e.g., TiO 2 , ZnO and GaN) dispersed in fluorescent dyes 1, [11] [12] [13] [14] . The lasing frequencies have been demonstrated to range from the near-ultraviolet to the mid-infrared (mid-IR) 15 . At lower frequencies, terahertz (THz) lasers based on quasi-periodic structures have been developed 16, 17 and a hyperuniform disordered laser has been demonstrated 18 .
THz frequency technology has seen impressive progress in recent years. Notable achievements include the invention and advancement of THz quantum cascade lasers (QCLs) 19, 20 , sensitive THz photodetectors 21, 22 , and THz modulators 23, 24 . THz QCLs are electrically-pumped semiconductor-based lasers based on electronic transitions between the subbands of a quantum well superlattice 19 . They can serve as compact, high intensity THz sources, with applications in, for example, non-invasive parallel imaging 25, 26 . Such applications would particularly benefit from a laser with low spatial coherence, as this would improve the image quality through the reduction of coherent artefacts.
Here, we report on the development of surface-emitting, multi-mode THz random QCLs comprising dielectric pillars arranged in a two-dimensional (2D) amorphous lattice 27 . These
QCLs are electrically pumped, and emit in the transverse-magnetic (TM) polarization due to inter-subband selection rules 28 . Compared to air hole scatterers (which were exploited in a previously-demonstrated mid-IR random QCL 15 ), isolated dielectric pillars have superior scattering efficiency for TM polarized light 29 . In our structure, this leads to a substantial Q factor enhancement of localized modes near the edge of the TM gap. The pillars are formed by dry etching the quantum cascade active material, and serve not only as in-plane scatterers but also as the gain medium. Strongly localized multi-mode random lasing was observed at around 3.3 THz, with more than 13 lasing modes. Furthermore, we demonstrate that the lasing frequency can be fine-tuned by modifying structural parameters such as the pillar radius and the lattice filling fraction (FF).
RESULTS

Design of the 2D THz random laser
Previously, a mid-infrared random lasing was demonstrated in QCLs at ~10 m by Liang et al.,
through drilling randomly-distributed circular holes in a quantum cascade laser active region 15 .
Nevertheless, this design was hampered by the weak scattering efficiency of air holes for TM modes, which limited the number of lasing modes to three. Such a scheme is therefore unsuitable for a QCL in the THz frequency range, where the gain coefficient is much lower than that of mid-IR QCLs. However, isolated dielectric pillars provide much stronger scattering efficiency than air holes for TM polarized light. Previous studies show that a strong bandgap can be supported by photonic lattices formed by isolated pillars 30, 31 . Since electrical pumping requires direct electrical contact to the pillars, we adopt a "double-metal waveguide" design, enclosing the pillars between parallel metal layers. This waveguide is commonly employed for THz QCLs, achieving nearunity vertical optical confinement, owing to the low losses of metal at THz frequencies 32, 33 .
The device design is shown in Fig. 1 . Circular QC pillars, with radii of a few microns and 10 µm height, are randomly distributed in a 2D lattice. The pillars were formed through inductively coupled plasma (ICP) etching of the THz QCL active region, and embedded in benzocyclobutene (BCB) [34] [35] [36] [37] for mechanical support. BCB is a non-conducting resin with good planarization property, low losses at THz frequencies, excellent thermo-stability, and low refractive index. The 2D scattering medium (formed by the pillars and BCB) is sandwiched between two thin layers of Ti/Au, which are used for current injection as well as vertical confinement. To allow for surface (i.e. vertical) emission, micro-apertures of 1.5 µm radius were etched into the top plate, at the center position of each pillar. Fig. 1b simulations using Comsol Multiphysics, the vertical quality (Q) factor corresponding to the surface emission loss was estimated to be several thousand, which is relatively high as compared to in-plane Q factors including the consideration of material losses as discussed below. Thus, in the following theoretical analysis, we use 2D simplified models to approximate 3D full-structure simulations which are storage-and time-consuming.
The positions of the QC pillars are determined by a random placement algorithm, subject to the constraint of a 'minimum center-to-center distance': , where P i and P j are the center positions of any two pillars, r is the radius of the pillar, and is the minimum edge-toedge separation between pillars (e.g. = 0 means each pillar is allowed to touch another one but without overlap). The pillars are placed sequentially, with any subsequent placement rejected if it violates this constraint. The constraint introduces weak short-range order into the random structure. To qualitatively show the effects of the short-range order, the power spectra of structures with different were compared. A substantial gap in the power spectrum can be found for the structure with larger , as shown in Fig. 2a . The short-range order can be further enhanced for a wider bandgap by using more sophisticated placement algorithms, such as molecular dynamics-based close-packing; however, even with the present simple algorithm, the To determine the in-plane modal quality (Q) factors, we performed 2D FEM simulations. Fig.   2c shows the in-plane Q factor of the mode in a typical structure, overlaid on the power spectrum near the gap. With the BCB loss neglected, we find a large number of modes with Q factors as high as 10 6 (indicating strong in-plane optical confinement) on either side of the gap. If a realistic
level of BCB loss is included (~11 cm −1 ), the Q factors are substantially reduced; however, as shown in Fig. 2d , the band edge modes at lower frequencies of the bandgap still retain relatively high Q factors. Note also that the Q factors just below the gap (Q ~ 1300) are much larger than those above the gap (Q < 300), which can be attributed to the different spatial overlap of the modes with the BCB region, as discussed below. Comparing to the structure with = 0 µm, the presence of a non-zero separation = 2.5 µm between pillar edges makes the structure more favorable for lasing. It creates a gap in the power spectrum, with more pronounced Q-factor enhancement at the band edge, as well as a larger overlap of the modes with the active region (and thus higher net gain). We can quantify this using an "overlap factor", defined as the fraction of the field energy confined in the QC pillars:
where "AR" denotes active region, (x, y) is the dielectric constant and I(x, y) is the intensity distribution. Fig. 3b shows the overlap factor versus FF for = 0 µm and = 2.5 µm, where each data point is averaged over 100 modes at the band edge below the gap. As expected, the overlap factors are significantly higher for the = 2.5 µm structure. The parameter = 2.5 µm further restricts the movement of the pillars so as to introduce a perceptible short-range order into the structure, leading to the opening of the bandgap and the enhanced Q factors at the band edges.
This makes the maximum of field tend to be better confined inside the pillars for the lower band edge modes (see Fig. 2d and SI Text, Fig. S2 ), which is the reason for larger overlap factors and higher Q factors.
Characterization results
The THz QCL wafer used here was based on a three-well resonant-phonon GaAs/Al 0.15 Ga 0.85 As design 41 , with gain centered around 3.1 THz. Based on the random QCL design described above, we fabricated a variety of structures with different pillar sizes and FFs. As a reference, we also fabricated and characterized double-metal ridge lasers on the same QC wafer, with width 106 µm and length 2 mm. All the devices were driven by a pulser with a repetition rate of 10 kHz and a pulse width of 500 ns. (response time ~1ms) with a total scanning time of over 1 minute, and thus represent time averages over multiple pulses (it would be interesting to study dynamical shot-to-shot fluctuations of the lasing modes, but this would require Terahertz detectors with a much faster response time). Measured by our existing system, the spectrum and power of the device are stable during the characterization. At the rollover current density, 13 lasing peaks can be easily distinguished in the emission spectrum (Fig. 4b) , measured using an FTIR resolution of 0.2 cm -1 ;
additional peaks are likely to be resolved with a higher resolution spectral measurement. The lasing peaks occur within the range 3.1-3.4 THz, which is in good agreement with the simulation results showing that this is the frequency range where the modes are strongly localized and confined in the QC pillars ( Fig. 2d and Fig. 3a) . We also found experimental evidence that the lasing modes are strongly localized, by partially covering the device surface with a copper sheet, whereupon some of the peaks were greatly suppressed (due to the light emitted from the covered area not reaching the FTIR system), while other peaks were largely unaffected. For further details, Fig. S4 .
In comparison to the emission spectra of a QCL ridge laser, no apparent spectral periodicity can be found in the random laser spectrum. Moreover, the dependence of the lasing spectra on applied current reveals a qualitative difference between the behavior of the random QCL and the reference ridge laser. As shown in Fig. 5a , the emission of the ridge laser is continuously blueshifted from 3.05 THz to 3.15 THz with increasing pumping current. This is due to a blue-shift in the gain center of the QC medium, a typical feature of the three-well resonant phonon active region design employed here. By contrast, the lasing peaks of the random QCL experience negligible shift with current; the principal peaks are clustered around 3.3 THz, away from the gain center of the QC medium. Just above the threshold current, multiple peaks appear almost simultaneously and their intensities increase monotonically with pumping current until the rollover current. This is consistent with the interpretation that the random lasing modes are determined by the high-Q band edge modes of the 2D scattering medium.
The emission characteristics of the random QCL can be tailored by changing the parameters of the underlying scattering medium, such as the size and/or the density of the scatterers. The position of short-range order induced gap is approximately inverse to the effective lattice constant a . Fig. 6a shows the simulated power spectra for structures with varying FF, as well as varying pillar radius; Fig. 6b shows the corresponding experimental emission spectra. As expected, the gap in the calculated power spectra, and the peaks in the emission spectra, both undergo blue-shifts when r is reduced with fixed FF, or when FF is increased with fixed r. The experimentally-determined spectral frequency range and their shift with r and FF agree well with the calculated high-Q band edge frequencies.
DISCUSSION AND CONCLUSIONS
We have demonstrated multi-mode random QCLs operating at THz frequencies. The fact that there are multiple modes, subject to strong localization, is highly promising for future applications; for example, these devices may be able to serve as high-intensity, low-spatialcoherence sources for speckle-free full field imaging at THz frequencies. By comparison, the previous demonstration of a random QCL (using an random air-hole design at mid-IR frequencies 42 , or using hyperuniform pillar structure design 18 ) exhibited only 2-3 peaks in the r FF  spectrum. Based on these results, even more strongly multi-modal behavior could be achieved in three ways: (i) by replacing the BCB with a lower-loss supporting material, such as cyclic olefin copolymer 43, 44 , which would significantly increase the modal Q factors; (ii) by connecting the pillars with dielectric veins, which would reduce or eliminate the need for the BCB support 31 ; and (iii) by increasing the short-range order through more sophisticated placement algorithms, such as molecular dynamics-based jam packing, which would again increase the modal Q factors.
Our random QCLs are electrically pumped using metallic top plates, with micro-apertures for surface emission. This design feature works well at THz frequencies where metallic losses are extremely low, but may lead to unacceptably high losses if one seeks to scale these devices towards mid-IR frequencies (a frequency range with important technological applications such as molecular spectral fingerprinting). To realize a multi-mode mid-IR QCL, one promising route would be to utilize a dielectric pillar design without an enclosing metallic top plate; the pillars can be joined with dielectric veins to provide the connectivity required for electrical pumping.
This has been shown theoretically to provide sufficiently high-Q modes for multi-mode lasing 31 .
We have found that the emission spectrum of the random QCLs can be easily controlled by the size and filling fraction of the scatterers, but is relatively insensitive to the pumping current.
Since the individual modes appear to be quite strongly localized, this raises the interesting prospect of designing a random QCL where the scatterer parameters vary across the surface. This would lead to random lasing over a wide spectral range. In terms of emission power, optimization work on for example the aperture size can be done to enhance the power level.
METHODS
Device Fabrication. To fabricate the random QCLs, Ti/Au was first deposited both on top of the QCL structure and onto an n + doped GaAs host substrate; this was followed by Au/Au thermocompression wafer bonding. The QCL wafer was then polished and selectively wet-etched to remove the substrate down to an etch-stop layer. Through conventional photolithography and ICP dry etching of the active region, with gas ratio (in SCCM) of Ar/Cl 2 /BCl 3 = 5/5/5, the QCL active region was etched into pillars of the intended radius (ranging from 6-8 µm) and 10 µm height.
The structure was next spin-coated with BCB (CYCLOTENE 3022-46) until the top surface was planar; the detailed BCB planarization process was the same as in Ref. Device characterization. The fabricated 2D THz random QCLs were characterized using a
Bruker FTIR with a room-temperature DTGS detector. The scanning resolution was chosen to be 0.5 cm -1 in normal operation, and 0.2 cm -1 when more accurate measurements were needed for identifying the peak number and peak positions. The devices were driven by a pulser with a repetition rate of 10 kHz and a pulse width of 500 ns. The devices were mounted in a helium-gasstream cryostat for cooling with temperature control.
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